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A THEORETICAL INVESTIGATION OF HYDRODYNAMIC IMPACT LOADS ON
SCALLOPED-BOTTOMNM SEAPLANES AND COMPARISONS WITH EXPERIMENT

By Benyaan Miowirnzey

SUMDMARY

cAn analiytical method is presented for caleulating the hydro-
dynamic impact loads and motions experienced by seaplane
Hoats and hulls with scalloped (fluted) bottoms. The analysis
treats vertical impaet at zero trim in addition to the more general
problem of the step impaet of a seaplane ai positive trim where
the flight path is oblique to the keel and fo the water surface.
Also considered are the transformations required to represent
impacts into waves.

The analysis, which is equally applicable to floats haring
cross sections of any shape, considers that the flow about an
tmimmersing planing bottom occurs largely in itranscerse flow
planes which are normal to the keel. The eguations of motion
are written in general terms and require the determinalion of
the virtual waler mass as a function of the depth of peneiration
af the keel into the flow planes. On the busis of a simple
ectension of Wagner's expanding-plate analogy, equations are
presented whereby the section characteristics, which determine
the rirtual mass, may be calculated for any given float shape.

In order to illusirate the applicability of the analysis to
practical problems, time histories of the applied hydrodynamic
load have been calculated for specific impact conditions and are
compared with Langley impact-basin test data obtained in
smooth and rough water with a double-scalloped-bottom sea-
plane float whick is representative of current commereial and
serrice types.

INTRODUCTION

Investigations condueted by the National Advisory
Committee for Aeronautics during the past several years
have indicated that current seaplane design specifications
are inadequate and that more rational means are required
for predicting hydrodynamic loads. In order toc provide
further information on the problem of impact loads, an
analytical and experimental research program is now in
progress at the Langley impaet basin, the theoretical phase
of which has resulted in the investigations presented in
references 1 and 2, which deal primarily with V-bottom
floats.

The present paper extends the general investigation to
include an analytical method for calculating the loads on
scalloped-(fluted) bottom floats, which is also applicable to
tfloats and hulls of other shapes. Interest in this problem

was occasioned by failures in the course of service operations
of seaplane floats which had successfully withstood statie
tests in excess of design requirements.

The analysis derives the equations governing the vertical
impact of a float at zero trim in addition to those for the more
general problem of the step impact of a seaplane at positive
trim along a flight path inclined to the water surface. The

approximations necessary to represent impacts into waves

are also considered. The equations of motion are written in
general terms and require the determination of the section
characteristics, which define the variation of virtual mass with
penetration, for the float under consideration. Based on a
simple modification of Wagner’s expanding-plate analogy,
equations are presented from which the section character-
istics may be calculated for any given float shape.

In order to illustrate the degree of applicability of the
method, the results of caleulations for several specific impact
conditions are presented in the form of hydrodynamic load-
time histories and are compared with corresponding impact-
basin test data obtained in smooth and rough water with the
float shown in figures I and 2. This fleat, which has a double
scalloped bottom and conventional hneb is reprez,entatn‘
of current commercial and service types,

F1cURE 1.—View of scalloped-bottom seaplane fioat tested in the Langley impact basin.
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FiauRE 2.—-Lines of scalloped-bottom seaplane float tested in Langley impact basin.
SYMBOLS Ve translational velocity of wave
Ay cocflicients in shape matrix for inner scallop W total weight of seaplane
By coeflicients in shape matrix for outer scallop 3 distance parallel to keel
a; coeflicients in series expansion of « for inner scallop | 7 transverse distance from axis of symmetry
b, cocflicients in series expansion of u for outer scallop | ¢ penctration of any cross scction measured normal
A aspect ratio of immersed part of float to keel from undisturbed water surface
¢ wetted semiwidth at any station along keel 4 horizontal distance
F resultant force y transverse distance from axis of symmetry (coin-
g acceleration due to gravity cident with )
l length of forebody z draft at step measured normal to water surface
\ 1 ; . B B angle of dead rise
& total mass of seaplane (—g— v flight-path angle
Moy virtual mass at any station g angle of wave slope with horizontal
. ¢ load Tact 3 P mass density of water
ny impact load factor —4 . trim angle
8 longitudinal distance from a given flow plane to | Subscripts:
foremost immersed point along keel 0 initial conditions
{ time after contact ch at instant of chine immersion
% expansion ratio <9’§ /dt> ¢ effective
Xpans Y\ defdt A horizontal
4 velocity of float n normal to keel
loeal fluid velocity P parallel to keel
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r resultant

8 for cross section at step

<k at instant of “sister keelson”” immersion
v vertical

cale caleulated

mod modified

ANALYSIS

When a long narrow shape such as a keeled seaplane float
or flying-boat hull penetrates the surface of a large stationary
body of water, the primary flow of the neighboring fluid tends
to oceur in transverse planes (reference 1) which are essen-
tially perpendicular to the length of the body, as contrasted
with the largely longitudinal flow in the case of high-aspect-
ratio wings. In the present analysis the How planes in the
water are considered fixed in space and oriented normal to
the axis of the body, the effects of end losses and longitudinal
components of flow being Included as an aspeet-ratio correc-
tion. This approach simplifies the problem, especially
when the keel line of the float is not parallel to the surface,
since it permits the flow in any given plane to be consid-
ered a purely two-dimensional phenomenon independent of
all other flow planes,.

The flow process within a particular flow plane begins
when the keel of the float passes through the water surface
and penetrates the plane. At all times thereafter, the
momentum imparted to the water in the plane is deter-
mined solely by the inerease in the Hoat cross-sectional
shape intersected by the plane and may be expressed as the
product of the virtual mass m, associated with the im-
mersed cross section and the veloeity of penetration into the
plane. In potential flow the virtual mass is determined by
the intersected float shape and may thus be considered a
function of the penetration ¢ into the flow plane.

When a seaplane contacts the water surface, the resultant
veloeity is oblique to the keel. Thus, in addition to the
veloeity of penetration into the flow planes (normal to the
keel), a longitudinal velocity component of considerable
magnitude will also usually exist. In a perfect fluid, if the
float is of constant cross seetion, motion normal to a flow
plane will not affect the growth of the intersected cross
section and its wvirtual mass. For any penetration the
momentum of the fluid in a given plane thus depends only
on the velocity of penetration and is unaffected by motion
of the float parallel to its axis. This condition exists, how-
ever, only so long as the plane under consideration remains
in contact with the float. After the step has passed through
a particular flow plane, the intersected cross section ceases
to exist and the plane becomes part of the downwash where
it remains, thereafter, independent of the subsequent
progress of the impact. As a result, the force acting on the
float is governed by the growth of the immersed shape and
the motion normal to the keel, while the total momentum
lost by the float is distributed between the water directly
beneath the keel and the downwash behind the step.

On the basis of the foregoing application of the virtual-
mass concept, the following sections of the analysis treat
the vertical immersion at zero trim of a float of constant
cross section, in addition to the more general problem of
impact at positive trim along a flight path inelined to the
water surface. In both cases the weight of the seaplane is
assumed to be balanced by the wing lift. Also considered
are the approximate transformations required to represent
impacts into waves. The equations of motion presented
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have general applicability to any float shape regardless of

how the virtual mass may be determined. A subsequent
section of the analysis deals specifically with methods for
calculating the virtual mass for cross sections of arbztrary
shape.

IMPACT NORMAL TO THE WATER AT ZERO TRIM

The simplest impact problem is that of the vertical im-

mersion of a prismatic float when the keel is parallel to the
water surface. If m, is the virtual mass in-any flow plane,
the total virtual mass is m.l, except for end losses. From
tests conducted with vibrating plates, Pabst (reference 3)
determined an end-loss correction to the virtual mass.

This

. 1 . .
factor may be written =57 where A is the aspeet ratio.

In the present problem, since the resultant velocity is normal
to the keel, the same Bow planes are in contact with the
float throughout the impact process and the initial momentum
of the float is at all times distributed between the float and

the water directly beneath. Therefore,
i= Mg, s“ol — (1)
RI-%—(I—QA) m,l 1—%—(1—% T
and
dm, , my dA
_”‘J |:<1 24 dg o a’: (2)

ﬂf {— )ml
( 2A/) M

The determination of m, and A as functions of the pene-
tration, as well as the solution of the equations of motion,
will be discussed in a subsequent section.

OBLIQUE IMPACT AT POSITEVE TRIM

In an oblique impact along a flight path inclined to the

keel, because of the component of velocity parallel to the

keel, the same flow planes are not always in contact with
the float.
to the downwash, the initial momentum of the float cannot
be considered distributed solely between the float and the
water directly beneath the keel, as was assumed in arriving
at equations (1} and (2) which therefore apply only when the
resultant velocity is normal to the keel.

As a result of the consequent loss of momentum
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Figure 3 is a schematic representation of the oblique im-
pact of a scalloped-bottom float at positive trim. The motion
of the float may be referred to the coordinates £, », and
¢, which are parallel and normal to the keel, or to the
coordinates z, ¥, and z, which are parallel and normal to the
water surface. The point where the step first contacts the
water surface is taken as the origin of the latter coordinate
system, In figure 3, ¢ is the depth of penetration of the keel
(measured normal to the keel from the undisturbed water
surface) into a given flow plane which is fixed in space.
While ¢ may be considered attached to the flow plane, the
dimension ¢,, on the other hand, is a measure of the penetra-
tion of the step and moves with the float. The draft at the
step 2 is a projection of ¢, normal to the water surface. In
an oblique impact, therefore,

§:S=§;~'—Vp tan (3)

In any flow plane the virtual mass is m,. In the flow plane
at the step, the virtual mass is designated m.,.

On a two-dimensional basis, the momentum imparted to

he fluid in any flow plane is m,; ds. Differentiation of the

momentum determines the force contributed by a given
plane
dF=(myuf +my) ds (4)

For a keeled float at positive trim, if the small effeet of
the scallops on the aspect ratio is neglected, A is constant
during the impact and equal to tan B/tan =, where g is the

~average dead-rise angle (fig. 3), so that the aspeet-ratio

tan 7
2 tan g8
length gives the total force on the float normal to the keel:

correction factor is 1— Integrating along the

s {e

<]

tan . f(tanr . [tanT
‘F=<1—2 an 3) <§‘ L Muds+¢ jn mwa’s)
Since S=tan 7,
8

F=K <g‘ j:' Mopdf -2 ﬁ . dmw) (5)

1 tan =
K‘—t_aJn‘r (1_2 tan

where

Aisturbed surface of float side

T / tindrsturbed surfoce
] -
: J \-\ }

\

SECTION A~A

F1aURE 3.—Immersion of scalloped-bottom fAoaf.
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During the impact the trim angle and the wing lift are
assumed essentially constant, the latter being equal to the
weight of the seaplane ¥. Therefore, application of
Newton’s second law yields

=& [§ [ modstiom,, | (6)

For a float of constant eross section,

e

I Le
f] md¢ = [) My dEs
L= L ef
Thus, the equation of motion may be written

;zm o, (_)
W d
Kg™ f e 3

Since, for & prismatic float immersing a frictionless fluid,
the reaction in each flow plane is normal to the keel, the
total force is normal to the keel. As a result, there is no
longitudinal acceleration and the velocity component paral
Jel to the keel £ is at all times constant and equal to it
initial magnitude V,. Thus, differentiating equation (3)
gives

{ =0 @

Applring equations (3) and

be rewritten as follows:

S L O | ¢
. __'_ f T - .-7 ;’l
o Lot Vo tan 0 o %Jrf M A5

Integrating equation (9) and substituting the relationship

between { and ¢, gives
q *$a
,JU 'mwsdg-,)

(10)

(9)

¥, tan 7 I_’— —) Iog, Ve 1025(1
and
W[ Va
A

v LT
A=V, tan 7 (I’nc g._)

For convenience in comparing the theoretical results with
experimental data obtained in laboratory testing, the fore-
going equations may be rewritten in terms of the coordinates
relative to the water surface. From figure 3 it can be
readily seen that

where

¢t=tsin r+Zcost (11)
and
f=&cosr—ésin T
=V,=Vj,cos 7—V, sin 7 (12)

(8) permits equation (7) to .
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Combining equations (11) and (12) gives

=T (13)
where
K=V tanr
=(Vh0— V,ﬂ tan 7) sin 7
Differentiating equation (13) gives
{= = — (14)

cos 7
Substituting equations (13) and (14) in equation (7) yields

(E+ K, cos 7)°my,

5= - - - (15)
W
cos T<A§th; m.wsdg,)
and equation (10) may be written
W ey T KicosT
w Glrca ) et [ [mete 0o

where

1
p=Kicost (\; KL cos r 21K, cos 7)

Under certain contact conditions the penetration of the
float may become sufficiently great to require the determina-
tion of the effect of chine immersion on the later stages of the
time history. The foregoing equations are valid throughout
the impact process and are equally applicable after the
chines have become submerged.

As the float penetrates a particular flow plane the virtual
mass increases until the chines reach the water surface, after
which the virtual mass may be assumed to remain constant
and equal to its magnitude at the time of chine immersion.
Thus, after chine immersion has occurred the preceding equa-
tions may be applied with the following substitutions:

mw,—mwsch

and . .
F e [ st e, (f—t) (D)

Appendix A contains working equations for the two types
of impacts treated in the preceding analysis in a form directly
suitable for computation. The determination of the virtual
mass is based on a method presented in a subsequent section
of the report, which is applicable to float cross sections of
any shape.

IMPACT IN ROUGH WATER

As a first approach toward the caleulation of hydrodynamie
loads in seaway, the preceding analysis may be applied to
rough-water impacts if the initial conditions are defined
relative to the wave surface. For trochoidal waves with large
length-amplitude ratio, the wave profile may be simulated by
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an inclined plane tangent to the surface at the point of con-
tact, which serves as the eflective frame of reference for the
foregoing equations.

The preceding assumptions fail to con51der the internal
orbital velocities and displacements of the fluid particles
within the wave and are therefore approximate. At best, the
procedure should be applied only to impacts where the float
contacts the wave about half way between trough and crest
for those cases where the trim is cqual to or greater than the
slope of the wave.

The initial effective horizontal velocity (parallel to wave
slope) is given by

T",z%:(lf’,,o—l— Vi) cosie—fV,;0 sin @ (18)
and the initial effective vertical veloeity (normal to wave
slope) is )

Ve, = (Viy+ Vi) sin 6+ 7V, cos 6. (19)
where 17, is the translational veloeity of the wave and 6 is
the angle of the wave slope with the horizontal. The eﬁectn e
trim relative to the wave is

Fe=T1—0 (20)

With the effective initial conditions an.c,
placing the smooth-water conditions 17, Vﬂ‘o: and 7, the
foregoing equations of motion may be considered to apply to
impacts into waves within the restrictions noted.

For comparison with experimental data Iepresentvng the
actual vertical motion of the scaplane, the effective magni-
tudes of the vertical displacement z,, vertical veloeity 2.,
and vertical acceleration Z, caleulated by application of the
foregoing equations may be converted to the corresponding
components relative to the ftrue vertical axis by the
relationships

Vg”), and 7, re-
<’

2=V it+ (ze—V%t) (1—tan 7, tan 6) cos 4 21)

V,go )(l—tan 7, tan @) cos § (22)

and
E=Z(1—tan =, tan 6) cos @ (23)

DETERMINATION OF THE VIRTUAL MASS

The preceding equations of motion have been written in
general terms and are applicable to any float shape; however,
before practical impact solutions can be obtained for a specific
float, the virtual mass of the cross-sectional shape under inves-
tigation must be determined as a function of the penetration.
Because of & number of mathematical obstacles, a rigorous
determination of the flow about such immersing shapes is
quite difficult and general solutions have not been obtained.

In the specific case of the V-bottom, where the immersed
cross-sectional shapes in a given flow plane are always similar

and the flow patterns at different degrees of penetration may
be considered models of cach other, the virtual mass canbe
determined from the results of an iterative solution made by
Wagner (reference 4) to ealculate the force on a V-shape of
18° dead rise immersing with constant velocity. The results
for the particular case of 18° were extended to other dead-
rise angles by the equation

The virtual mass corresponding to this equation may be
evaluated quite simply by recognizing that, for constant-
velocity penetration, the force is due solely to the increase
in virtual mass accompanying the enlarging flow pattern and,
according to equation (4), is given by {m,. By equating
Wagner’s force equation with the quantity ¢ m, and integrat-
ing, the corresponding virtual mass for the V-shape is found

J— P 2
m (,,7 l) . g'

In reference 1 a comparison of this value with planing
data for V-bottom floats having different dead-rise angles
indicated that an empirical factor of 0.82 should be apphod
to the virtual mass. The introduction of this factor gives
a modified value for the virtual mass

mM,=0.82 (é%— 1)2"21’ 2 (24)

Applying equation (24) therefore permits the force on a
two-dimensional V-shape immersing with variable velocity
to be determined as

F=0.82 <2ﬁ— 1) " (E2e ) (25)

In the case of more complicated cross scetions, however,
such as those of scalloped bottoms or floats with chine flare,
the immersed shape in any flow plane may vary quite irregu-
larly with penetration, thereby precluding the use of equation
(24) for the determination of the virtual mass. In view of the
present lack of a more exact solution for the flow about
immersing curved or scalloped cross sections, the expanding-
plate analogy proposed by Wagner in references 4 and 5 may
be applied. This approximation assumes that the momentum
of the fluid disturbed by an immersing shape is equal to that
of the fluid on one side of an expanding plate in submerged
motion having the same velocity as the immersing shape.

The substitution of a fat plate of varying width for the
actual shape is based on the concept that the primary dis-
turbance of the fluid about an immersing form takes place
in the immediate vicinity of the surface and is due largely
to the expansion of the wetted width. Thus, the virtual mass
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of an immersing cross section may be taken equal to half the
value for a plate in submerged motion; namely,

c2

where ¢ 1s the semiwidth of the effective plate.

On this basis the problem becomes one of determining how
the effective width of the plate varies as the actual eross
section immerses. This variation may be considered one of
the section characteristies of a given float shape.

Calculation of section characteristics.—Early attempts to
approximate the virtual mass of V-shapes did not consider
that the water rises along the sides of an immersing body
above the level of the original surface and simply assumed
that the width of the equivalent plate was equal to the width
of the -actual cross section in the plane of the undisturbed
water surface. In impact calculations, neglect of the rise in
determining the virtual mass may lead to erroneous results,
especially in the case of scalloped bottoms or floats with
reflexed chines where, under certain conditions, infinite loads
may be predicted on the basis of this assumption.

In order to consider the inecrease in wetted width arising
from the disturbance of the free surface by the penetration,
it may be assumed, as in references 4 and 5, that the fluid
particles at the surface move vertically upward and, differ-
ences in elevation being neglected, that the veloeity distribu-
tion at the surface corresponds to that in the plane of a flat
plate in submerged motion. By integration of the distributed
veloelties, the equation of the free surface, the rise of the
water in the vieinity of the immersing shape, and the result-
ing wetted width may be determined. Because of the sim-
plifving assumptions involved in this procedure, the caleu-
lated variation of wetted width with penetration may be
improved by the application of a simple modification sub-
sequently discussed.

On the basis of the foregoing concepts, the equations for
determining the section characteristics are derived by con-
sidering the increase m wetted width in a given flow plane
due to the disturbance of the free surface. Figure 4 is a
schematic representation of a scalloped cross section in the
process of immersion. The general equations goeverning the
entire immersion process may be derived by considering the
situation at some time after the sister keelson has become
submerged.

The wetted semiwidth (determined by the interseetion of
the disturbed free surface and the cross section) is denoted
by e. The local normal velocity #, relative to the float, of a
particle in the free surface at a distance 92 ¢ from the axis of

I
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FIGCRE 4.—Symbols and definitions for analysis of Immersion of scalloped cross section.

symmetry is given in terms of the velocity of penetration ¢
by the equation for the velocity distribution in the plane of
a flat plate:

= 27

At any instant after initial contact, the vertical displace-
ment of the particle from the keel is {(n,7). (See fig. 4.)
At the instant of immersion of the sister keelson the displace-
ment is {(n,4::). At any later time, therefore, the rise of the
free surface from the keel is given by

g'a’i

5—(77: i) —f(n: :t) ’ (28)

Equation (28) may be evaluated by considering ¢ the
independent variable; thus

¢
md(,‘

o it

and expanding the ratio&i—di =%= u{c) as a power series

f(‘qaf):g‘(ﬂ)ka)_{_ (288.)

gives

u(c)=b,+ bt byt ... (29)

bae -+ bac? -+

The expansion is carried to five terms in order to provide
sufficient accuracy for typical float cross sections.

Substituting equation (29) into equation (28a) and inte-
grating results in the equation of the free surface with refer-
ence to the keel:

X . e s
Eon )=t tee) + %bm sin~! ;—5277 Jni—e+

16_¢ 4
7 2 NT e

bj:i ¢\ (C +3n 3n

bg‘?] ( ) sin~

+5b ﬂl:(n __‘32)3“2_1?2 V7 —C“]_

¢
sin~! ——l+. . }
7_ Csk

[4

(30)
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At the float contour e=n; thercfore, evaluating equation
(30) between the limits and substituting gives the displace-
ment from the keel of the intersection of the free surface
and the cross section: o

7 . ¢ ’ e e
cley={(c, t) +buc <_§r—sm‘1 %")—i—bzc\ F—cot

b [ § (5—sin S0 )+ N |+

R G 3/2
bsc C‘)V’ICQ_Csk‘Z—(_—SS— +

by
4

-1 Sk) i
~—s1n I
¢ ]

(31)

c'mc —cgd csk + 5 )+

The coefficients by, b, . . . may be evaluated by the solution
of the system of equations formed by the substitution in
equation (31) of the coordinates ¢;, {(e1); €, ((e); .. .
of several points chosen on the contour of the scallop.
This system of equations may be conveniently written in
the matrix notation

By ByBy ... By, by [ar (@l
By By By ... By, b, [Ag{e)]s
By By Byy . . . By by | = ¢ [AC(O)]s (32)
BmlezBma s Bmzz bn [A§-<C>1m
where
Ba—c, ('—g—sin‘l %if)

JRE—
Bizzci\‘ci2_531;2

c Ic
Biazq <——sm > = _Csk:l
3/2
5 Ci—¢C A2)
Bi4:Ci ¢/ \'Cz _csk ———~< 3

e, s 3¢ 30 Cax
st—_—i ConVCrP—Cor (CSP2+ 5 ) ) '2‘_31111 :

and so forth, and
[Ag(a))i=t(ed =5 e ter)

The coeflicients determined by the solution of equation
(32) allow the calculation of u{c) by equation (29). From
the definition of u(e), the relationship between the penetra-
tion of the cross section ¢ (distance between keel and undis-
turbed water level at infinity) and the wetted width is given
by

§-=§—sk+ﬁe u<c)dc=§sk+ bl (c_csk) +% (Cz_cskz) -+

: (c?’——c,k"’)—l- *(ct—e ;‘*)—{- (—e 4 ... (33)
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from which the scction characteristics may be computed.

The preceding derivation is general and applies to any
given scallop regardless of the shape or the number of dis-
continuities comprising the cross section. Before the section
characteristics can be caleulated for the immersion of a given
intermediate scallop, however, the free surface existing at the
instant of initinl penetration of that scallop must be deter-
mined by application of the foregoing equations to the pre-
ceding scallop.

For example, in the case of & sccond scallop the quantities
{ley tox) and fqp must be, respectively, determined for the
timme of sister keelson immersion from equations (30) and
(33) applied to the first scallop. This solution in turn re-
quires the evaluation of the coeflicients for the first scallap,
a procedure which is very simple since the water surface is
initially flat and ¢(es, &) equals zero.

For convenience in application, appendix BB eontains
working equations from which the section characteristics
may be directly caleulated for cach scallop of a double-
scalloped float. The equations for determining the section
characteristics of the first scallop are similarly applieable to
float bottoms having chine flare and no discontinuities
between keel and chine,

The unmodified curves in figures 5 and 6 represent the
section characteristics caleulated for the ¢ross scetion (station
SF) at the step of a conventional scalloped-bottom float, the
shape of which has been determined from table T and figure 2
end is also shown in figure 5. The section characteristics
computed by the foregoing procedure may be improved by
the incorporation of a simple modification.

14 :
i
_ __ I S S Y |
4o [
1 Ceh ;!
e s B e I e B 7 S R (A
i
Y= ,/f .-./j
=0 J e
L AT AT P i S
2 / //’// } S
- .8 / ji {
= - Cy
Ig} - 3 _{Z_ = e e e P bty ?’_‘\‘ i
i DA
[0} i
ks / A / IO NS SRR DU S {,gﬁ —
& / -
% .« Ao N —
= Lhmoo‘/ﬁedy/ / e Float shape 3
g G e R F S S
e % “Modified 3
= = - 24—
A RN Sl
A L b b Tl ]
0 08 16 24 .32 40 48 .56

Normal penetration, § or § 1t

FicURE 5.—Calculated section characteristics (variation of wetted semiwidih with penctra-
tion) for scalloped cross seetion,
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Modification of section characteristics.—Because of the on a value of the virtual mass equal to 0.82 (1 Pow o
complexity of an exact solution for the flow about an immers- He Vit ed R 28 2 ¢
ing irregular shape such as a sealloped bottom in the vicinity | have given substantial agreement with tests of a V-bottom
of a free surface, the section characteristics have been | float of 22%° angle of dead rise (reference 1). If this quan-
approximated by employing Wagner's expanding-plate | tity is interpreted to correspond with the virtual mass
analogy. In view of the simplifying assumptions involved | prxc? . . .

M o ; on one side of an effective plate of width 2¢, the
in this method, the calculated results may be improved by the 2 P ’
introduction of a simple modification which results from & | relationship between the semiwidth of the plate and the
comparison of the virtual mass calculated by application of | penetration of the V-shape is given by
the flat-plate analogy to the case of the V-bottom with the _
value given by the previously mentioned empirical correction c=+/0.82 <%3—- 1) ¢
of the results of Wagner’s iterative solution for the same case.
It has been previously pointed out that calculations based On the other hand, the application to the V-bottom of
the flat-plate analogy employed herein results in a somewhat
J 4 different variation of width with penetration; namely,
c=<% cob B) ¢. Thus, for a given wetted width the pene-
/5 A S I S O Ot N YO A tration caleulated by the flat-plate analogy for a V-shape is
AN SRR V082 (%—1)

T, \ —————* times that obtained from the empirical

&" N \ § cot 8

f /) / correction of the iterative solution. N

P P =g In the case of an irregular cross section such as that of a

+ i — Coje . . . -

2 pm===c <—---——?—‘——-——--——- = scalloped-bottom float, the modification required to correct

N 6 RN properly the section characteristics ealculated by application

v ' ™ of the flat-plate analogy is obviously a variable depending on

2 1 = N - Aodifed the shape and penetration. In view of the present lack of a

54 < more exact procedure, however, it is suggested that the pre-

= N ceding ratio be applied as a first approximation, at least

: Upmadified-N_ N until further refinements can be effected In the method.
A A The previously calculated curves of { and u(c) against ¢
| L therefore have been modified in accordance with the relation
Lt Ll e INE LN i
g N, 2 K 4 5 6 7 5ot ;
ds ag _
wiei= g di {mod E ) cale (34)
Fisure 6.—Calculated variation of u(e) with wetted semiwidth for scalloped cross section. 25
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where 8 is taken as the average dead-rise angle (fig. 3).
The factor 4/0.82, which has been omitted from the modi-
fication, is included as part of one of the constants in the
equations of motion (appendix B). The modified section
characteristics for the scalloped-bottom float investigated
are presented in figures 5 and 6.

By application of the relationship between the virtual
mass and the width of the equivalent plate (equation (26)),
the modified section characteristics for a particular float
can be used with figure 7 and the equations of motion given
in appendix B to calculate time histories of the hydrodynamie
loads aud motions experienced by the seaplane for as many
impact conditions as may be desired.

APPLICABILITY AND LIMITATIONS

In view of the fact that the present analysis considers a
float of constant cross section, there may be some question
as to the effects of the pulled-up bow and afterbody in appli-
cations to conventional floats. Although the longitudinal
warping of the float may be taken into account by more
complicated equations, it appears that, since conventional
floats and hulls are essentially prismatic for a considerable
distance forward of the step, the bow will not cause any
important deviation of the loads from those calculated on
the basis of constant cross section for nmormal impacts at
positive trim (reference 2).

The afterbody, on the other hand, may exert a much more
pronounced influence on the motion of the seaplane, par-
ticularly in laboratory testing where, as is sometimes the
case, the trim of the model may be fixed at very high positive
angles. Under such conditions the load is taken almost
entirely by the afterbody while the forebody may not become
immersed to any appreciable degree until after the maximum
acceleration has been attained. At the lower trims associ-
ated with step impacts, on the other hand, the depth of
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FiGure 7.—Calculated varfation off &dy, with wetted semiwidth for scalloped
cross section,

step, the kecl angle of the afterbody, and the relatively
high longitudinal velocity apparently combine to shicld the
afterbody so that it carries very little load in comparison
with the forebody.

Similarly in flight impacts, even though the landing
approach may be made at high trim, the initial contact aft
of the step generally results in & downward pitching of the
seaplane to the extent that the main impact oceurs at
reduced trim and corresponds to a forebody impact. The
equations presented may thus be considered to represent,
approximately, free-flight impacts at high trim if the initial
conditions are taken to correspond with those at the begin-
ning of the main impact.

COMPARISON WITH TEST DATA AND DISCUSSION

For the purpose of comparison with experiment, motion
time histories have been caleulated for several sets of initial
conditions corresponding fo impact-basin landing tests in
smooth and rough water of a full-size scalloped-bottom float.
Reference 6 describes the Langley impact basin and its
equipment. The all-metal service float used in these tests
has underwater lines (see table I and fig. 2) very similar to
those of representative service and commercial types. In
all cases, the complete float, ineluding afterbody, was tested
at fixed trim with a dropping weight of 1350 pounds. Wing
lift was simulated by the action of a pneumatic eylinder and
cam system, which was designed to apply a constant up-
ward force to the float equal to the dropping weight.

Figures 8§ to 15 present comparisons between caleulated
and measured time histories for various impact conditions.
In the figures the accelerations have been converted to impact-
load factor n;, in multiples of the acceleration of gravity.
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FicurE 8.—Caleulated and experimental time history of hydrodynamic impact load on
scalloped-bottom fleat. Vertical impact; smooth water; 1=1350 pounds; V,=10.4 fcet
per second; Vay=0 feet per second; r=0°.
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In figure 8 the calculated and experimental variations of
load with time are shown for an impact normal to the water
surface at zero trim. In this case the test data were obtained
by means of a dynamometer truss having an estimated
natural frequency of the order of 100 cycles per second.
The calculations were based on the modified section charac-
teristics presented in figures 5 and 6 and employed an average
forebody length of 6 feet to take into account the longitudinal
curvature in the bow region.

Since vertical drop at zero trim is the closest practical
approximation of a two-dimensional impaect and does not
involve a loss of momentum to the downwash, the agreement
between the theoretical and experimental time histories for
this case may be considered a direct indication of the accuracy
with which the virtual mass has been determined. In
figure 8 the comparison indicates substantial agreement
throughout most of the time history and shows the very
sharp increase in load as the sister keelson penetrates the
surface and a second peak of lesser magnitude at the instant
of chine immersion. An unexplained irregularity of the
oscillograph record, however, indicated a fluctuation at
t=0.045 second which is not predicted by the theory.

Figures 9 and 10 present time histories for an oblique
impaet in smooth water at 3° trim. The experimental data
for this condition, as well as for all other oblique impacts
presented, were obtained by means of an NACA accelerom-
eter having & natural frequency of 21 cycles per second.
Although the comparison in figure 9 shows good agreement
during the early stages of the impact, the accelerometer
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F13tvRE 9.—Caleulated and experimental time history of hydrodynamic impaet load on
scalloped-bottom float. Smooth water; ¥ '=1350 pounds; Viy=2.77 feet per second;
Vg =55.56 feet per second; 7=3°.
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indicated a continuing increase in load beyond the theoretical
peak.

Although the response of the accelerometer to the caleu-
lated impulse has not been evaluated, at least some of the
overshoot is believed due to instrument error or local vibra-
tion. A comparison in figure 10 of the displacement and
veloeity time histories, measured independently by means of
a variable resistance slide wire, shows good agreement be-
tween the calculated and experimental time histories.

In an attempt to evaluate the accelerometer record further,

the measured acceleration time history was integrated
mechanically and the velocity variation thus obtained was
compared with the calculated velocity time history and that
measured by the slide wire. The comparison showed that
the three velocity variations agreed very well up to the time
when the accelerometer record deviated from the theoretical
accelerations but that after this time the wvelocity curve
derived from the accelerometer record indicated a more
rapid decrease in velocity than these shown by the theoreti-
eal and measured velocity time histories. On the basis of
this comparison it appears that the peak accelerometer
readings were high and that the actual accelerations were
closer to those predicted by the analysis.

In figure 11, & comparison of the acceleration time histories
corresponding to an impact in smooth water at 7° trim and
medium flight-path angle indicates fairly good agreement
between the calculated and measured loads during the impact.
The theoretical curve closely follows the accelerometer record
and both exhibit the slowly rising load during the initial
stages of the impact, the rapid increase just before immersion
of the sister keelson, the reduction in the rate of increase of
load as the outer scallop becomes immersed, the occurrence
of maximum load at the time of chine immersion, and the
steady decrease in load accompanying further penetration.

8

N

—Cafculated

Drafty, z, It
[\
i

K

%)
Ny

%, fps
A
N

™~
6}

\o\

&

N

Veritical velocity,

=N

o
24

e

08 A2 18 20 28 .32

fime ofier confact, t, sec

a 04

FraUurE 10.—Calenlated and experimental time histories of vertical motion during impaet
of scalloped-bottom float. Smooth water; W=1350 pounds; V. =2.77 feet per second;
Viy=55.56 feet per second; 7=3°.



120

28 - | - - = ]
i . ]
i} o
2ar - Zah
' / ! \ Colculoted
@ ° I
ey t o
Seo ° ;
22 A <
B j N
® 1
,\f /.é“" H ~
2 j
U S T (J - T
$ i o N
3 1.2 rt t & <
Gy P -
g IS 1B
2 e iy A S —Q
I 1v IS
S Rein HIE T -
QU L zv\. [ W
& o !
g L
e D t3
~ -~
(&1
Lo (S 8
10 .02 .04 o6 a8 10 JE Nz &

Time ofter contoct, t, sec

Figure 11.—Calculated and experimental time history of hydrodynamic impact load on
scalloped-bottom foat. Smooth water; TW=1350 pounds; V,,=6.96 feet per second;
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A similar comparison is presented in figure 12 for another
smooth-water impact at 7° trim but at lower flight-path
angle. The agreement is fairly good except in the region of
maximum acceleration where the experimental data indicate
a sudden drop in load which is not predicted by the theory.
Although the behavior of the float denoted by the acceler-
ometer in this region would appear to be unlikely, because
of experimental inaccuracies, the source of the discrepancy
cannot be definitely determined at the present time.
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Time histories which have been calculated for two con-
ditions corresponding to impacts into waves are compared
with experiment in figures 13 and 14. In both cases the
wave length was 60 feet and the wave height was 2 feet.
Figure 13, which presents data corresponding to an impact
at 10° trim, shows surprisingly good agrecment with experi-
ment, inasmuch as the assumptions involved in the analysis
consider the surface of the wave to be simulated by an in-
clined plane. In figure 14, which represents a rough-water
impact at 7° trim, the agreement is not quite as good beyond
the time of maximum acceleration.
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Figure 13.—Calculated and experimental time history of hydrodynamic impact load on
sealloped-bottom float. Rough water; W=1350 pounds; V=277 feet per second;
Vi, =49.3 feet per second; r=10°; wave height, 2 feet; wave length, 60 feet; Ve=12.27
feet per second; §=3.4°,

In order to illustrate the manner in which seaway may
affect the applied loads, the calculated and experimental
data of figures 12 and 14 are combined in figure 15. The
two time histories shown represent impacts made in smooth
and rough water under similar approach conditions and indi-
cate that for the specific conditions presented the maximum
load in rongh water was somewhat more than three times as
great as that encountered in the corresponding smooth-water
landing. Furthermore, the time required for the load to
reach a maximum after contact was about twice as great
in smooth water as in the particular seaway conditions
considered.

Since the calculated results are based on a prismatic fore-
body, the comparisons with experimental data may be
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taken to indicate that, for conventional float configurations,
the warping of the bow is not important and that the effect of
the afterbody is small within the range of trim angles believed
to be representative of the main forebody impaet in flight
landings.

In connection with the behavior of the float during the
later stages of the impact, & further examination of the time
histories indicates that the measured reduction in load after
chine immersion occurred seems to be more rapid than that
indicated by the theory. While the analysis incorporated
the simplifying assumption that after the chine penetrates
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a given flow plane the virtual mass in the plane remains
constant and equal to its magnitude at the instant of chine
immersion, additional study may lead to & more rigorous
method for treating such immersion beyond the chine.

Although it has been pointed out that the local rise of the
water should be considered in caleulating the virtual mass,
use of the geometric shape of the float may suggest itself as
an approximation for the ealculated section characteristics.
Time histories which have been computed on this basis are
presented in figures 13 and 14 where they are designated “no
rise’” in order to distinguish them from the solutions pre-
viously discussed which are labeled “rise.” Although no
large discrepancies exist during the early stage of the impact,
appreciable differences between the calculated results are
apparent after immersion of the sister keelson. For other
conditions, even greater differences may be encountered. At
zero trim, for instance, because of the instantaneous expansion
of the intersected width, the assumption of & flat water surface
(no rise) leads to the calculation of infinite loads on the float.

In view of the fact that present information is not sufficient
to permit the determination of the conditions and shapes for
which the rise may be safely neglected, it would appear that
the calculation of the section characteristics is desirable.
Since it is usually of interest to calculate & number of impact
conditions for a given float, the additional effort required to
obtain the section characteristics should not be a serious
drawback.

CONCLUSIONS

An analysis was made to determine the hydrodynamic
impact loads experienced by scalloped-bottom seaplanes in
smooth and rough water. Although the agreement of the
calculated results with specific test data is encouraging, &
quantitative assessment of the method must necessarily be
restricted by the very limited experimental data available.
From such information it appears that:

1. On the basis of the analysis, which assumes that the
primary flow occurs in transverse planes and that the virtual
mass in any flow plane is determined by the modified section
characteristics, & fairly good representation of the load-time
variation during immersion may be calculated for vertical
impacts at zero trim, as well as for the more general case of

impacts at positive trim along flight paths inelined to the

keel and to the water surface.

2. The analysis may be applied to approximate impacts in
rough water if the initial conditions are taken relative to the
wave slope.

3. For conventional float configurations no serious dis-
crepancies are introduced by neglecting the warped bow and
considering the float to have constant cross section.

4, For the trim angles which are helieved to be representa-
tive of the main forebody impact in flight landings the after-
body seems to have little effect on the loads.

LaxgLEY MEMORIAL AERONAUTICAL L'ABORATORY,
NatroNaL Apvisory COMMITTEE FOR AERONAUTICS,
Lanerey FieLp, Va., April 16, 1947.



APPENDIX A

WORKING EQUATIONS FOR CALCULATING SECTION CHARACTERISTICS

The section characteristics, which determine the variation
of the virtual mass with penetration into a given flow plane,
may be calculated for any arbitrary float shape by means
of the following equations:

First scallop:

[1() ] tmner=01F AaC+ a3+ auc®+asc* + . . (A1)

and

£

" c? e ct b
¢ o =GIC+G2§+03 -3‘+Cb4z+as g‘f‘ e (A2)

The coeficients a,, ¢», . . . are obtained by solution of
the system of equations represented by
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and so forth; and}where ¢;, {(e;) are the coordinates of
points chosen on the contour of the inner scallop.

The preceding equations are also applicable to floats and
hulls having no discontinuities between the keel and chine.

Second scallop:
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The coefficients &, b,, . . . are obtained by the solution of
the system of equations represented by
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and ¢;, {(¢;) are the coordinates of points chosen on the con-
tour of the outer scallop.

The same method may be applied to obtain similar equa-
tions for floats with any number of scallops or discontinuities
by determining the shape of the free surface at the instant
of initial penetration of the scallop in question from the
coefficients for the scallop immediately preceding.

The section characteristics ealculated by application of
the preceding equations may be modified in acecordance with
the relation

—gcot B
fmod—‘—ﬂ_'—fcalc (A7)
5!

as previously discussed. The factor v0.82, which has been
omitted from the modification, is included as part of one of
the constants in the equations of motion (appendix B).



APPENDIX B

WOREKING EQUATIONS OF MOTION AND SOLUTION OF TIME HISTORY

Before particular solutions are undertaken to calculate the
loads and motions experienced by a specific float for given
impact conditions, the modified section characteristics must
be determined by means of the equations presented in
appendix A. The section characteristics are properties of
the float and may therefore be applied to the caleulation of
time-history solutions for as many impaet conditions as
may be desired.

On the basis of the flat-plate analogy

me=0.82 BT [e(0) e B1)

where [e(D)]mee is determined from the calculated section
characteristics as modified in accordance with equation (A7).
The factor 0.82 is the empirical correction determined by
reference 1 which has been omitted from the modification
and is included instead as a constant in the equations of
motion.

Differentiating equation (BI)

dm,

dt =0-8207(c(t)}mee dh [60) Jmag= 2322 E ) I mas

[u(e)]moe

In the equations which follow, [¢({)]mee and [u(€)]me Wil
be referred to as ¢ and u, respectively.

(B2)

IMPACT NORMAL TO THE WATER AT ZERO TRIM

At zero trim the wetted area of the float in the plane of the
water surface is rectangular; therefore,

{
“1=§c
and
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dad_ _“dy_ 1
e 92¢2 2uc?

Equations of motion.—If the foregoing expressions for the
virtual mass and the aspect ratio are incorporated, the
equations of motion (1) and (2) for an impact normal to the
water at zero trim may be writien as

;==___,_§_0__. (B3)

and
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(B4)

where

Time-history solution.—After the modified section charac-
teristics have been calculated for the float under considera-
tion by means of the equations of appendix A, specific
time-history solutions of the variables may be obtained
without recourse to step-by-step methods by the following
procedure:

(1) Calculate the constants from the initial conditions.

(2) Substitute successive arbitrary value of the velocity
< { into equation (B3) to calculate the corresponding
values of ¢. For any value of ¢ the magnitudes of ¢ and %
are fixed by the section characteristics.

(3) With the values of the variables calculated in step 2
solve equation (B4) for .

(4) Calculate a sufficient number of simultaneous values
of displacement, velocity, and acceleration to define the
motion during the impact. (After some experience has
been attained in selecting the velocities, only a relatively
small number of points need be computed for each solution.)

(5) Integrate the variation of 1/§ with { to obtain the
time after contact at which each combination of the vari-
ables occurs.

OBLIQUE IMPACT AT POSITIVE TRIM

Equations of motion.—For the more general problem of a
step impact at positive trim along an oblique flight path,
incorporation of the foregoing expression for the virtual
mass into equations (15) and (16) leads to the following
equations of motion:

c2(2+ K, cos 7)?

_é—cos T (Ixs-{—f qudi':) oY

and
[(I K1 Cos T) . ]_ {e Eds- B
2L K, cosr er—1 _ﬁfo Cdss (B6)
where
1 fan 7

K=t~ (1 T 2tan B

Ki=(Va—V, tan 1) sin 7

K,=0.82 "—2?

()

=5 (xr;

and

=K, cos r ! — 1
B=2 “| Vit Kicos 7 2+ K cosr
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After chine immersion has occurred,

(B7)

€s==0Cs,,

and

& o,
j; C:ng‘s':j; ' Cszd§s+csch2(§s*§ach) (BS)
Time-history solution—For the general case of impacts
at positive trim, it is not necessary to compute « since the
only section characteristics required are the variation of ¢,

¢
with ¢, and & plot of ﬁ o ’d¢, againste,. (Seefig. 7). After

the section characteristics have been calculated for a par-
ticular float, time-history solutions may be obtained for as
many impact conditions as may be desired by a procedure
similar to that previously discussed:
(1) Calculate the constants from the initial conditions.
(2) Substitute successive arbitrary values of the velocity

. . - I‘
£ £V, into equation (B6), solve for the value of f e,
JO

and obtain the corresponding magnitudes of ¢, and ¢, from
the curves. A calculated value of the integral greater than

‘g‘l . . . .
Jﬂ ' ¢’d¢, indicates that the velocity substituted corresponds

to a time after chine immersion has occurred and requires
the substitution of (B7) and (BS8) in equation (B6). After

. . $oen .
chine 1mmersmnf efdt, is a constant and ¢, may be
[}

calculated directly from equation (B6).

(3) Caleculate 2=¢, cos 7.

(4) 'With the variables calculated above,solveequation(B5)
for 2.

(5) After a sufficient number of simultancous values of
displacement, velocity, and acceleration to define the motion
during the impact have been calculated, integrate the varia-
tion of 1/2 with z to obtain the time after contact at which
each combination of the variables occurs.
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